a b s t r a c t Hydrogels composed of poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG) were synthesized using glutaraldehyde as crosslinker and investigated for controlled delivery of the common anti-inflammatory drug, ibuprofen (IBF). To regulate the drug delivery, solid inclusion complexes (ICs) of IBF in β-cyclodextrin (β-CD) were prepared and added to the hydrogels. The ICs were prepared by the microwave irradiation method, which is more environmentally benign. The formation of IC was confirmed by various analytical techniques and the synthesized hydrogels were also characterized. Controlled release of drug was achieved from the hydrogels containing the ICs in comparison to the rapid release from hydrogels containing free IBF.
Introduction
Hydrogels, as drug delivery systems, have flourished immensely in biomedical and pharmaceutical arenas in recent years. Hydrogels are three-dimensional hydrophilic polymers capable of imbibing large amounts of water or biological fluids. Fully swollen hydrogels have physical properties common to living tissues, including a soft and rubbery consistency and low interfacial tension with water or biological fluids [1, 2] .
Poly(vinyl alcohol) (PVA) is a common polymer widely employed in the fabrication of hydrogels intended for drug delivery purposes. PVA is endowed with good thermal and chemical stability, excellent film forming ability, long-term pH and temperature stability and high biocompatibility with living tissues [3] . In addition, PVA is non-toxic and exhibits minimal cell adhesion and protein adsorption properties [4] . However, pure PVA hydrogels are known to be quite fragile in nature. PVA hydrogels have also been chemically crosslinked by the use of crosslinking agents or radiation such as electron beams or γ-radiation in order to improve their mechanical integrity [5] . The most common strategy to overcome this limitation is to incorporate PVA into an interpenetrating polymeric network (IPN) hydrogel in combination with another polymer. PVA has been integrated with a variety of polymers to generate a wide array of hydrogels, and poly(ethylene glycol) (PEG) is one such polymer, which finds a special mention in this context. PEG is a well-favoured biomaterial due to its hydrophilicity, biocompatibility, biodegradability and elimination via both renal and hepatic pathways [6] . It has also been reported to exhibit barrier properties against bacteria and reduce cell and protein adsorption properties. Therefore, PEG hydrogels find great utility in drug delivery application, tissue engineering and regenerative medicine [7] [8] [9] . PVA-PEG hydrogels have been employed to heal acute burn wounds and also as drug delivery agents [10] [11] [12] .
However, as drug delivery carriers, the major drawback that is inevitably associated with hydrogels is the inefficacy to control the initial burst release of drugs. For many medications, the burst release has been known to cause patient non-compliances. Further, the burst release is a wasteful process since too high a burst will lead to loss in effectiveness both therapeutically and economically [13] . Microencapsulation of drug is one such technology which reduces dosing frequency, resulting in a reduced concentration of free drug, thus improving patient compliances [14] . Cyclodextrins (CDs) are of special interest in this regard given their amphiphilic nature. The hydrophobic cavity is suitable for the encapsulation of a variety of guest molecules including drugs. Complexation of drug with CDs has proven to enhance the various physico-chemical properties of the drug. CDs also serve as multifunctional drug delivery carriers through the formation of inclusion complexes (ICs) [15] .
In the present study, ibuprofen (IBF), a common non-steroidal anti-inflammatory drug (NSAID), has been employed to explore its Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jpa www.sciencedirect.com controlled release characteristics from PVA-PEG hydrogels. As such, the efficacy of IBF is hindered therapeutically due to its poor aqueous solubility and low bioavailability [16] . Complexation of IBF with β-cyclodextrin (β-CD) has proven to significantly improve its aqueous solubility, bioavailability and dissolution properties [17] [18] [19] . Solid ICs of IBF with β-CD was prepared by the novel approach of microwave irradiation method which utilizes minimal solvent, less reaction time and is more environmentally benign.
The formation of IC of IBF with β-CD has been confirmed from various analytical studies. To regulate the amount of IBF released from the hydrogels, the preformed IC was added directly into the hydrogels. The hydrogels were characterized by various spectroscopic techniques. Their swelling behaviour was also investigated. The sustained drug release behaviour of the hydrogels was inspected and the preliminary kinetics has been addressed.
Experimental

Materials
PVA (M w ¼ 85,000-124,000; 86%-89% hydrolyzed) was purchased from S. D. Fine Chem., India. β-CD and IBF were procured from Sigma-Aldrich, India. PEG 4000 (M w ¼ 35,000-40,000; viscosity (25% aq. at 20°C ¼ 12 cP) was received from SRL, India. Glutaraldehyde (GA) (25%, w/v) was supplied by Spectrochem Pvt. Ltd., Mumbai, India. Milli-Q water was utilized throughout.
Preparation of solid ICs (IBF-β-CD)
The solid ICs of IBF and β-CD were prepared by the microwave irradiation method as per reported procedure [20] . Briefly, 1:1 homogeneous mixture of IBF and β-CD was taken and dissolved in minimum amounts of water-ethanol mixture (1:1, v/v). The mixture was then subjected to microwave irradiation in a scientific microwave oven (Sineo UWave-1000) at a power of 300 W for 90 s at 60°C. The product obtained was washed with water-ethanol mixture to remove the residual IBF and β-CD and then dried under vacuum.
A physical mixture (PM) of the drug and β-CD was also prepared by homogenous blending of previously weighed 1:1 drug and β-CD in a mortar for 15 min.
Synthesis of PVA-PEG hydrogels
10% (w/v) PVA was dissolved in water by heating at 80°C for 6 h. Requisite amounts of PEG was added to the PVA solution. To the PVA-PEG solution, GA as crosslinker and concentrated HCl as catalyst were added followed by the addition of IBF or the IBF-β-CD IC. The mixture was stirred briefly at 250 rpm at room temperature. The solution was then poured onto a clean and dried glass petri dish of known surface area to obtain a film. Hydrogel films without adding the free IBF or the IC were also synthesized in a similar fashion for comparison. The various film compositions are shown in Table 1 .
Instruments used for characterization
Fourier Transformed Infrared Spectroscopy (FTIR)
The FTIR spectra were analyzed in a Perkin Elmer RX I FTIR spectrophotometer. The samples were mixed with dry KBr and compressed into pellets and scanned from 4000 to 400 cm À 1 .
X-Ray diffraction (XRD)
XRD profiles of the samples were collected on a PANalytical X-Ray diffractometer using Nickel-filtered Cu K α radiation and scanned from 5°to 40°at room temperature at a scan rate of 3°/min.
Differential Scanning Calorimetry (DSC)
DSC was performed by Netzsch DSC200 instrument on 5-10 mg of samples and scanned in perforated Al-pans under N 2 atmosphere (purging rate: 40 mL/min) in the 50-150°C temperature range at a heating rate of 10°C/min. The DSC of dried hydrogel samples weighing 1-5 mg was taken in Al-crucibles and sealed with Al-lid. All the samples were first heated over the temperature range from 25°C to 150°C (first heating cycle), and then cooled to 25°C followed by heating again up to 250°C (second heating cycle), at a heating rate of 10°C/min under N 2 atmosphere (purging rate: 40 mL/min).
Scanning Electron Microscopy (SEM)
The SEM micrographs of the samples were observed on a JEOL SEM, JSM 6480LV model. The hydrogels were first swollen in water till equilibrium and then lyophilized in a Scanvac lyophilizer at À 55°C for 48 h. The samples were sputtered coated with gold and then observed under SEM.
1 H Nuclear Magnetic Resonance (NMR)
1 H NMR spectrum was performed using a Bruker 400 MHz NMR spectrometer in D 2 O obtained from Sigma-Aldrich, India.
Swelling properties of hydrogels
The swelling behaviour of the hydrogels was investigated by immersing them in phosphate buffer solution (pH ¼ 7.4) at 37°C. Samples were taken out at certain intervals and weighed after removing the surface water by gentle wiping with filter paper. The swollen gel was then slowly dried to constant weight. The swelling percentage was calculated according to the following formula [21] :
where W s and W d are the weights of the swollen and dried hydrogels, respectively. All experiments were carried out in triplicate and the mean data were presented.
In vitro drug release studies
In vitro release studies of the drug was carried out by placing the drug loaded hydrogels in 50 mL of the releasing medium at 37°C
and taking out aliquots of 3 mL at particular time intervals. The amount of drug released from the hydrogels was determined spectrophotometrically at λ max ¼ 276 nm for IBF in a Shimadzu UV-Vis spectrophotometer (UV-1800). The withdrawn aliquots were replenished with equal volumes of phosphate buffer solution to simulate physiological conditions. The sink conditions were maintained throughout the scope of the release study. The concentration of drug released was estimated from the calibration plot of IBF. The release data were expressed as the mean value of three independent experiments and the standard deviations were also 
where W t is the amount of drug released from hydrogel at time t and W l is the amount of drug loaded onto the hydrogel.
Drug release kinetics
The probable mechanism of drug release from the hydrogels was investigated by analyzing the release data according to four basic empirical mathematical equations. All these equations hold good only for the first 60% of drug release [23] . The data were analyzed using OriginPro 7 (OriginLab Corporation).
Model 1: Higuchi equation that describes the Fickian diffusion of a drug [24] :
Where, M t /M 1 is the fractional drug release, k is a kinetic constant, and t is the release time. 
Where k' is a kinetic constant, t is the release time, and n is the diffusional exponent that can be related to the drug transport mechanism. For a thin hydrogel film, when n ¼ 0.5, the drug release mechanism is Fickian diffusion, which occurs by the usual molecular diffusion of the drug due to a chemical potential gradient. When n ¼ 1, Case II transport occurs, which is associated with the relaxational release of drug leading to zero-order kinetics. When the value of n is between 0.5 and 1, anomalous transport is observed where both Fickian and relaxational phenomena contribute to the drug release. 
The first term on the right hand side of this equation represents the contribution of Fickian diffusion and the second term refers to the macromolecular relaxation contribution on the overall release mechanism. k 1 is the diffusion constant and k 2 is the relaxation rate constant. The coefficient m is the Fickian diffusion exponent that depends on the geometry of the device. For thin films, the value of m is 0.5.
Using the estimated parameters k 1 and k 2 , the ratio of relaxation (R) and Fickian (F) contributions was calculated using Eq. (6) as:
Model 4: Zero-order kinetics
where k′′ is the zero-order kinetic rate constant.
Cytotoxicity assay
Cytotoxicity assay of the prepared hydrogels was performed by MTT colorimetric technique using 9 mm diameter discs of the hydrogel films. Prior to the assay, the hydrogels were sterilized at 15 lb/in 2 steam pressure, 121°C for 1 h. The cytotoxicity was evaluated by using L929NCCS rat fibroblast cell line. The cell growth was performed on a 24-well tissue culture plate in a controlled atmosphere (5% CO 2 at 37°C) using a cell culture medium of Dulbecco's Modified Eagle's Medium (DMEM, Hi-Media, India) supplemented with 10% Fetal Bovine Serum (FBS, Hi-Media, India) and penicillin-streptomycin antibiotic solution (Hi-Media, India). 90% of confluent monolayers of cultured cells were harvested by trypsinization (0.25% Trypsin and 0.02% EDTA, Hi-Media, India) and 1 mL of 1 Â 10 5 cells/mL were seeded in each well. The culture plate was then incubated for 48 h in the CO 2 incubator at 37°C. The cytotoxicity analysis was performed as per standard protocol.
Results and discussion
Inclusion of IBF into β-CD cavity
The inclusion phenomenon of IBF with β-CD was confirmed from various analytical techniques, the details of which are presented below.
FTIR analysis
FTIR is a useful technique to study the formation of ICs because the characteristics peaks of the guest molecules generally shift or disappear upon inclusion in host cavity [27] . The FTIR spectrum of β-CD (Fig. 1A) 
DSC analysis
DSC is usually employed as an important tool to affirm the formation of IC of β-CD with guests. The DSC thermograms of β-CD, IBF, PM and IC are presented in Fig. 1C . The DSC curve of β-CD showed a broad endothermic effect around 120°C which is associated with its dehydration process. The thermogram of IBF was typical of a crystalline anhydrous substance with a sharp peak at 77°C, indicating its melting point. For the PM, the endotherms corresponding to the dehydration of β-CD and melting of IBF were observed. The DSC curve for the IC revealed the disappearance of the IBF melting point and only the peak from β-CD was observed. These results signified the inclusion of IBF into β-CD cavity [29] . 
SEM analysis
Characterization of hydrogels
FTIR analysis
The FTIR spectra of neat PVA, PEG and the HG5 IPN hydrogel are shown in Fig. 3A . The characteristic peaks of PVA include a large band at 3400 cm À 1 (O-H stretch), the peaks at 2935 cm À 1 (C-H stretch from alkyl groups), 1720 cm À 1 (CQO stretch) and 1140 cm À 1 (CQO stretch of semi-crystalline PVA). The peaks at 1280, 950 and 843 cm À 1 in the spectra of PEG are due to its crystalline regions [31] . In the HG5 hydrogel, the characteristic peaks of PVA and PEG are seen with a small shift in their frequencies. The semi-crystalline peak of PVA at 1140 cm À 1 and the crystalline peaks of PEG are altogether absent in the FTIR spectral profile of HG5, indicating the loss in the regularity of PVA and PEG polymer chains due to interpolymer interaction.
XRD analysis
The XRD profiles of neat PVA, PEG and the HG5 IPN hydrogel are illustrated in Fig. 3B . PVA exhibits a peak at diffraction angle 2θ of 19.8°, indicating its semi-crystalline nature [32] . The diffraction profile of PEG suggests its crystalline nature with strong reflections at 19.2°and 23.5°and weak reflections at 26.3°, 36.4°and 40°owing to its close molecular packing and regular crystallization [33] . From the XRD patterns of the HG5 IPN hydrogels, it could be seen that diffraction peaks appeared at around 19°and 23°with increasing PEG content. This can be explained by the strong interaction between PVA and PEG which has destroyed close packing of PVA molecules for the formation of regular crystallites and also has created new crystallites [34] . In other words, the results of XRD analysis reinforce the existence of good compatibility between the parent polymers in the resulting IPNs.
DSC analysis
Fig . 3C shows the DSC thermograms of neat PVA, PEG and the HG5 IPN hydrogel. Neat PVA exhibited a melting temperature (T m ) at around 190°C and that for PEG was observed at around 56°C [32, 35] . For the DSC curve of the HG5 IPN hydrogel, the peak at 190°C was due to the melting of PVA. Moreover, two peaks are also present at 56°C and 60°C temperature scales which conform to the melting of PEG. It can be inferred that as PEG content is increased in the IPN hydrogels, PVA chains inhibit the crystallization of PEG where the interface between these polymers acts as a crystal nucleus for PEG crystallinity, which is referred to as heterogeneous nucleation-induced crystallization [12] . It is known that homogeneous nucleation-induced crystallization also occurs in the hydrogel matrix if the amount of PVA is insufficient in the matrix for nucleation. This particular multi-crystallizability enhances the interaction between the two polymers leading to improved mechanical integrity of the resulting HG5 IPN hydrogel [12, 36] .
SEM analysis
The morphology of the hydrogels was studied by SEM and the images are presented in Fig. 4 . As evident, the HG1 hydrogel possesses a highly porous network structure. The porosity of the hydrogels gradually decreases with the increase in PEG content in the matrix. This is clearly seen from the above images. This increased matrix density could be attributed to enhanced entanglements in the hydrogel matrix due to enhanced interpolymer interaction. The HG4 and HG5 hydrogels exhibited the densest and most rigid matrix structures among all the synthesized hydrogels probably due to higher amounts of PEG in their matrices. Similar results have been reported earlier for PVA-PEG hydrogels and the thicker matrix density with increasing PEG has been attributed to the accumulation of PEG around the PVA backbone and cavities in the network [12] .
Swelling response of hydrogels
Swelling is a crucial parameter to characterize hydrogels to determine their drug releasing property. The equilibrium swelling profiles of HG1, HG2, HG3, HG4 and HG5 hydrogels as a function of time were studied and the data are displayed in Fig. 5 .
A gradual decrease in the degree of swelling was observed with increased PEG content in the hydrogels. This can be rationalized by considering the morphological dependence of these hydrogels on the PEG amount. As evident from the SEM studies, HG1, HG2 and HG3 hydrogels are porous in nature and therefore can accommodate more water in their capillary pores, resulting in higher swelling ability. The decrease in swelling in HG4 and HG5 hydrogels could be due to the increased matrix density, which restricted the inward flow of solvent molecules. The HG5 hydrogel showed the lowest swellability among all. 
In vitro IBF release studies and kinetics
Prior to drug release studies, IBF content in the IC was estimated, which agreed well with the theoretical value ( E16%). In our case, we have taken 10 mg of IBF and equivalent amount of IBF-β-CD IC (containing 10 mg of IBF) and assayed the drug content spectrophotometrically at λ max ¼ 276 nm. IBF release profiles from HG-IBF and HG-IC hydrogels are illustrated in Figs. 6A and B, respectively. As seen, drug release from HG-IBF hydrogels takes place rapidly. However, IBF release from HG-IC hydrogels is much slower and occurs over a prolonged period of time. This difference in release rates of IBF can be rationalized by considering the modes of drug diffusion from these two hydrogel matrices. Since the drug is freely dispersed in the HG-IBF hydrogels, drug release occurs as the drug molecule diffuses out of the hydrogel matrix. On the other hand, IBF is present in an IC with β-CD in the HG-IC hydrogels. The presence of the drug in an IC form offers an additional diffusion barrier that results in its slow diffusion from the hydrogel matrix. An important factor that needs to be brought to notice in this context is the high binding constant of IBF with β-CD (E 10 3 M ─1 ) [37, 38] . In this study the K 1:1 for IBF-β-CD IC was also calculated according to the modified Benesi-Hilberband equation [37, 38] and it was found to be in close proximity with the reported values. Stronger is the binding of the drug with β-CD, slower is its release from β-CD cavity. Thus the diffusivity of the drug from HG-IC hydrogels slows due to an additional diffusion barrier imposed by β-CD leading to an extended release.
The rate of drug release from the hydrogels was found to decrease in the order of HG1 4 HG2 4 HG3 4 HG4 4 HG5, irrespective of the hydrogel containing IBF or IC. However, at any time, the amount of IBF released was always less in case of the hydrogels containing the ICs. The HG5-IC hydrogel was found the best of the lot with the slowest drug releasing characteristics. Table 2 summarizes the kinetic parameters for the drug release data analyzed according to four basic empirical equations, which provides an approximate idea about the drug transport mechanism.
Drug release kinetics
It was found that the IBF release data showed the best fit to the Ritger-Peppas and Peppas-Sahlin equations in almost all the cases. The values of the diffusional exponent (n) lie between 0.56 and 0.94, indicating the anomalous nature of drug release, where both diffusion and relaxation processes contribute. It is not possible to know exactly the contribution of these two processes from the estimated values of k 1 and k 2 alone; hence the ratio of the relaxational over Fickian contributions (R/F) was calculated for the samples and plotted against the fraction of the drug released from the hydrogels (Fig. 7) .
The R/F value increased in the order of HG5 4 HG4 4 HG3 4 HG2 4 HG1, irrespective of whether the hydrogels contain IBF or IC. This can be explained by considering that with increased PEG content, the hydrogel matrix changes from a porous organization to a rigid and denser structure which affects the polymer relaxation, thereby influencing the drug release mechanism. The R/F values for HG1-IBF, HG2-IBF, HG3-IBF, HG4-IBF, and HG5-IBF were found to be lower than those of the corresponding HG1-IC, HG2-IC, HG3-IC, HG4-IC and HG5-IC hydrogels, respectively. This Table 2 Fitting parameters for release data obtained from various mathematical models.
Sample
Higuchi Ritger-Peppas Peppas-Sahlin Zero-Order indicated that the presence of β-CD also influences the relaxation rate of the polymers, which leads to prolonged release of IBF from the IC-containing hydrogels. This is further supported by the presence of hydrogen bonding interaction between β-CD and the polymers or β-CD getting crosslinked to some extent in the presence of GA [39, 40] . Among all the films, the relaxation contribution was found to be the maximum for HG5-IC hydrogel.
Cytotoxicity assay
While designing a material for biomedical purposes, it is of utmost importance to characterize it in terms of biocompatibility. The biocompatibility of HG5 hydrogel was performed by MTT colorimetric technique. As shown in Fig. 8 , direct contact between L929 cells and the hydrogel did not reveal any adverse effect. This suggests the high compatibility and non-toxicity of the hydrogel with the living tissues, thus validated as potential drug delivery systems.
Conclusion
Hydrogels comprising poly(vinyl alcohol) (PVA) and poly (ethylene glycol) (PEG) were synthesized using glutaraldehyde as crosslinker and investigated for controlled delivery of the common NSAID, ibuprofen (IBF). To regulate the drug delivery, solid IC of IBF with β-CD was prepared by the novel approach of microwave irradiation method and added to the hydrogels. The formation of ICs of IBF in β-CD was confirmed by various analytical techniques.
The synthesized hydrogels were also characterized by FTIR, XRD, DSC and their morphology inspected. The XRD and DSC studies revealed that the two polymers exhibited good compatibility in the resulting IPNs. The swelling studies indicated that swellability of the hydrogels decreased with an increase in the PEG content. Controlled release of drug was achieved from the hydrogels containing the ICs in comparison to the rapid release from hydrogels containing free IBF. The rate of drug release was found to decrease with an increase in the PEG content in the hydrogels. The preliminary kinetic analysis emphasized the crucial role of β-CD in the drug release process that influences the polymer relaxation, thereby leading to prolonged release. Further analysis of R/F values suggested the presence of hydrogen bonding interaction between β-CD and the polymers or β-CD getting crosslinked to some extent in the presence GA, thereby influencing the macromolecular relaxation. Among all the films, the HG5-IC hydrogel was found to be the best of the lot for controlled delivery of ibuprofen.
